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ABSTRACT

Ultra-high vacuum creep data are presented for tungsten, tungsten-25%
rhenium, TZM and TZC molybdenum alloys, and AS-30 columbium alloy. TZC
alloy exhibits the greatest creep strength of the turbine alloys examined
and has been selected for the initial 10,000 hour creep tests.
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The work described herein is being performed by TRY Inc. under the
sponsorship of the HNational fercnautics and Snace Administration under
Contract NAS 3-25L5. The nurpose of this study is to obtain design creep
data on refractery metal alloys for use in space power systems.

The program is administered for TRW Inc. by &. A. Stelgerwald, Pro-
gram Manager. J. Sawyer is the Principle Investigator. H. Philleo and
R. Ebert conitributed to the program.
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NOTICE

This report was prepared as an account of Government-sponsored work.
Neither the United States, nor the National Aeronautics and Space Admini-
stration (NASA), nor any person acting on behalf of NASA:

a) Makes any warranty or representation, expressed or implied,
with respect to the accuracy, completeness, or usefulness of
the information contained in this report, or that the use of
any information, apparatus, method, or process disclosed in
this report may not infringe privately-owned rights; or

b) Assumes any liabilities with respect to the use of, or far
damages resulting from the use of any information, apparatus,
method, or process disclosed in this report,

As used above, "person acting on behalf of NASA" includes any employee or
cantractor of NASA, or employee of such contractor, to the extent that
such employees or contractor of NASA or employee of such contractor pre-
pares, disseminates, or provides access to, any information pursuant to
his employment of contract with NASA, or his employment with such con-
tractor.

Requests for copies of this repart should be referred to:
National Aeronautics and Space Administration
Office of Scientific and Technical Information
Washington 25, D. C.

Attention: AFSS-A
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INTREDUCTION

The object of this program is to obtain long-time creep data on
selected refractory alloys which have potential use in advanced space
power systems., The equipment design and the description of the test
methods have been presented in previous quarterly reports.

A large number of the wvacuum chambers have shown small leaks in the
cold wall welds, As a result, extensive reworking has been performed. At
present eleven units have been repaired and testing of the currently availe
able alloys is being conducted in five of the chambers., The purpose of
these tests is to screen the alloys on the basis of creep resistance and
to select stress lewels which will produce useful design data in 10,000
hour tests,

CREEP TEST RESULTS

The test plan consists of conducting tests aimed at determining the
relative creep behavior of five turbine alloys in the temperature range
between 2000°F and 2200°F and three cladding alloys at 3200°F. The turbine
alloys selected for evaluation in forged disc or rolled plate form were:
columbium-base alloys, AS-30 and Cb1l32M; molybdenum-base alloys, TZM and
TZC; and ST222, a tantalum-base material. The cladding alloys which are
to be tested as C,030" sheet include: arc-cast tungsten, arc-cast tungsten-
25% rhenium alloy, and Sylvania A alloy. At present the AS-30, TZM, TZC,
tungsten and tungsten-25% rhenium have been received., The processing history
of these alloys is presented in Appendix I along with dimensions of the
test specimens and the orientation of the specimen blanks relative to the
working direction of the as-received material,

The available creep test data and the chemical analyses of the alloys
are presented in detail in Appendix IT,

The test procedure involves obtaining a vacuum of 10~10 Torr or better
at room temperature, then heating the specimen at a rate so that the vacuum
never is more than the 10~/ range. The specimen is then held at temperature
for approximately two hours prior to load application. During the initial
stages of the test some specimen contraction is often observed due to a
slight temperature decrease produced by the increased grip contact and the
resulting increase in heat conductjon. As the test proceeds, the vacuum
continuously improves into the 10~° - 10~9 scale.

The initial creep tests are being conducted at three stress levels
with the end-point criteria being a total extension of 1% in the turbine
alloys and 5% in the cladding material., The ultimate goal in the screening
tests is to obtain this degree of extension in approximately 1000 hours.,

On the basis of these evaluations, one turbine and one cladding alloy will
be selected for 10,000 hour tests.
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INTRODUCTION

The object of this program is to obtain long-time creep data on se-
lected refractory alloys which have potential use in advanced space power
systems. Earlier reports have described the equipment design and test
methods, and have presented creep data on tungsten, tungsten-25% rhenium
alloy, TZM molybderum alloy, and AS-30 columbium alloy. This report pre-
sents additional creep data for the above materials and for TZC molybdenum
alloy.

International System of Units

Certain of the field centers of the National Aeronautics and Space
Administration have followed the National Bureau of Standards in adopting
the units of the International System (SI). As a result, in this report
the International System of units will be presented along with the more
conventional engineering units.

The conversion values for the terms used most frequently in this
program are presented in the following table.

TABLE 1

COMMONLY USED CONVERSIONS FROM ENGLISH
TO INTERNATIONAL UNITS

Temperature English International
1800°F = 982° Celsuis (°C)
2000°F = 1093°C
2200°F = 12cL°¢C
2850°F = 1566°C
3092°F = 1700°C
3200°F = 1760°C

6.895x% 106 newtons /me ter?
1.333x% 10~0 newtons /meter?2

Stress - 1000 psi
Vacuum- 1x 10-8 Torr (mmHg )
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Materials and Procedure

A summary of the material variables being evaluated is presented in
Table 2, while the compositions of the specific alloys are summarized in
Table 3. A detailed description of the processing history of tungsten,
tungsten-25% rhenium, TZM, TZC, and AS-30 was presented in the previous
progress report(l)*, and similar data for Sylvania A alloy are given in
Appendix 1 of this report.

The geometries for both the rod and sheet specimens are shown in
Figures~8 and 2. The test_procedure involved obtaining a vacuum of
5 x 1010 Torr (6.65 x 10-8N/m) o better at room temperature, then
Hseging the specimen at a rate so that the pressure never rises above 1 x
10=° Torr (1.33 x 10'bN/m2). The specimen is held at temperature for
approximately two hours prior to load application. After the first few
minutes of load application, specimen contraction can often be observed
due to a slight temperature decrease produced by the increased grip con-
tact and the resulting increase in heat conduction. As the test proceeds
the vacuum continugusly improves and approaches the 10~9 to 10-10 Torr
range (10-7 to 10‘8N/m§ range ).

Experimental Results

The general test plan involves conducting 1000 hour screening tests
on all the alloys and from these data selecting appropriate materials for
long time creep tests. At present, the test end point has been chosen
as a total creep of 1% for the materials applicable to turbines (AS-30,
Cb132M, T2ZM, TZC) and 5% creep for the cladding alloys (W, W-25%Re).

The basic creep data far all the tests completed or initiated during this
quarter are presented in Appendix 2.

Tungsten and Tungsten-25% Rhenium

The creep curves for tungsten and tungsten-25% rhenium tested at
3200°F (1760°C) are presented in Figure 3. The W-25% Re alloy loaded at
1500 psi (1.03 x 107N/m2) showed a total extension of 2.76% in 800 hours
ggéle the tungsten loaded at 1000 psi (6.9 x 106N/m2) extended 1.02% in

8 hours.

* Numbers in parentheses pertain to references in the Bibliograrhy.

-2 -
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For purposes of initially comparing the available data, the Larson-
Miller plot was employed with a value of 15 for the constant (see Figure
4). Using this method of presentation, no significant difference between
the creep properties of the tungsten and tuncsten-25% rhenium was apparent
at the lower levels of applied stress,

In general, when published data obtained at higher temperatures on
powder metallurgy tungsten in an argon atmosphere were analyzed, they in-
dicated a higher stress carability for a given value of the Larson-Miller
parameter,

Molybdenum Base Alloys - TZM and TZC

The test data obtained on TZM at 2000°F (1093°C) under an applied
stress of 10,000 psi (6.89 x 107 N/m?) are presented in Figures 5 and
6. Two material conditions are being evaluated. The variable representing
the as-received, stress-relieved condition (Figure 5) indicates a rela-
tively constant creep rate over the 2000 hour test period, while the specimens
from the recrystallized material exhibited creep behavior that was considerably
different. At approximately 325 hours a significant discontinuity in the
creep curve was apparent in the recrystallized material followed by an
extended period where no creep and even some specimen contraction was measured.
In many of the creep curves, obvious discontinuities have been noted and
considerable effort has been devoted to determining whetheér these variations
can be attributed to experimental problems ~r to real material behavior.
A check of the temperature measurements using both the thermocouples
contained in the system and the optical pyrometer have indicated that
temperature fluctuations are not the cause. Variations in extensometer
readings are also not believed to be the primary contributing factor, since
all measurements are performed on the same instrument and the observed fluc-
tuations are greater than differences noted between various observers. On this
basis, the discontinuities are believed to be a material effect associated
with some type of phase change which is occurring during testing. Analysis
of specimens after testing will be performed in an effort to define the
variations in material which may be occurring during the test exposure,

Since the TZM is being tested as pancake forgings, a question exists
as to whether significant variati-ns.are present in the degree of working
throughout the forging and their possible influence on creep properties.
The variation in microstructure as a function of position from the outer
edge of the frrging is shown in Figure 7. The structures are reasonably
consistent and comparable to those found in the specimen gage sections.
The structure of the cross-section of the TZM is shown in Figure 8, which
illustrates the typical flow pattern. The results indicate that variations
in grain pattern can exist between the gage section and the specimen button-
head; however, over the 2" gage length the structure is reasonably reproducible
and should not introduce a wide degree of scatter in test results.
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FIG. 7. PHOTOMICROGRAPHS SHOWING
ETCHED SECTIONS OF TZM PANCAKE
FORGING. 100X, MURAKAMI'S ETCH.
AS RECEIVED. -12 -
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CENTER OF FORGING

08303

OUTER EDGE OF FORGING

FIG. 8. PHOTOGRAPH OF MACROETCHED SECTION OF
TZM PANCAKE - FORGED DISC. SHOWING FLOW

LINES DUE TO FORGING. | 1/2X.
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The initial test on_TZC was performed at 2000°F (1093°C) at a load
of 1,000 psi (9.65 x 107 N/m?). No measurable amount of creep was ob-
served after 520 hours. In order to save set-up time and obtain an
approximation of a suitable stress for the TZC alloy at this temperature,
a "staircase" Iloading technique was employed. Thus the specimen was reloaded
at 20,000 psi (1.38 x 10° N/m2) for 259 hours, and 22,000 psi (1.52 x 10° N/m?)
for 572 hours. Between each of these tests the load was removed, the specimen
was heated to 3092°F (1700°C) for 1 hour, and cooled to room temperature
prior to retesting. A summary of the results obtained on the sequentially
loaded specimen is shown in Figure 9. The repeated loading and heating of the
specimen appeared to have improved the creep properties relative to the
initial recrystallized TZC material.

On the basis of these preliminary data, stresses were selected for long-
time tests on TZC at 2200°F (1204°C) and 2000°F (1093°C) and the current
results are presented in Figzure 10.

A comparison of the TZM and TZC data on the basis of the Larson-Miller
parameter is given in Figure 11, along with previously published data ob-
tained under less stringent vacuum conditions 3). The creep resistance of
the TZM alloy used in the current program is substantially less than that
previously reported. However, at present this difference cannot be associated
with either material processing, composition, or test conditions.

Columbium Alloy — AS-30

The creep data obtained during this quarter on AS-30 are summarized
in Figure 12. At the specific test temperatures, the material has less
creep resistance than the molybdenum-base alloys. A presentation of the
data on a Larson-Miller plot is shown in Figure 13 for various degrees of
creep extension.

Future Work

During the next report period, additional 10,000 hour tests will be
initiated with the TZC alloy. These tests will be at 1800°F (982°C)
and 2200°F (1204°C).

The ST-222 tantalum alloy plate has been received; and, in agreement
with NASA, this alloy was returned to the vendor.to be rolled into T-222
sheet material since the actual composition of the as-received ST-222 was
within the T-222 alloy specification. The reworked alloy should be
received during the next report period, and long-time tests will be initiated.

The Sylvania "A" sheet received contained a number of defects; however,
it was possible to obtain suitable test specimens. This material will be
tested on a limited basis during the next report period, along with the
Cbl32M columbium alloy which is scheduled for delivery early in April.

-1 -



TRW eEQUIPMENT LABORATORIES

THOMPSON RAMO WOOLDRIDGE INC

‘(HHOL 4.0l >) LNIWNOHIANI WNNOVA
“w/N L0l X 8¢1) ISd 000'02

JW/N (Ol X 2G1) 1Sd 00022
‘fw/N ,0l X §9%6) ISd 000'vI 40
S3SS3MULS ANV (D0€601) 4,0002 LV Q31S3L N3IWIOALS 9Z1 Q3ZINIVLSAHOIY 40 43340 6914

(SHNOH) 3WIL
000! 006 008 00L 009 005 ooV 00¢ 00l
) Y o U U0 0 0 0 5 o090
_ Tz 1Sd 000'p!
ISd 00002 O1 A3SV3HONI avol ‘18 OL (371002
“HH | (40260€) 200021 Q3ZITIVLSANIIM NIWIDILS 'SMH 825 M3Ld4v Q3LUNIWM3L 1S3L
20
0
oo.0 o 0 °
71 I1Sd 00002
ISd 000°22 OL Q3SV3IHONI AvOTl 1M OL 431000
HH 1 (40260€) 20,0041 Q3ZIMIVLSANI3Y NIWIDIHS "SHH 8862 ¥3IL4v QILVNIWN3L 1S3l
20
o— O
00 0 © 9 0 o o 0 o o ©
Tz i ood'ze

20

d334D0 LN30YH3d

- 15 -

&5L9



TRW e£QuIPMENT LABORATORIES

THOMPSON RAMO WOOLDRIOGE INC.

009

(dW/N o.0l X €€1) HHOL 4.0l >
LINIWNOYIANI WNNOVA ‘AOTIV OZ1 Q3ZITVLSAHI3Y 40 43340 [0l 9l

(SYNOH) 3WIL
oot

00¢

(2W/N O X 8€1) I1Sd 000'02
(208601) 400002

¢-0Ol X ¥ —=

e-0l X ¥1 —

(2W/N O X ¥2'1) 1Sd 0008!
(D.+021) 14,0022

eOIX2 —=
01X 21

-0l X 2 —

.0l X 02 —

(HYOL) SNOILIGNOD WNNOVA

20

14¢)

90

80

ol

d33yd LN30Y3d

- 16 -



TRW EQuUIPMENT LABORATORIES

THOMPSON RAMO WOOLDRIDGE INC.

100,000
- TZM DATA (REF. 3)
5 SA_ 1 (003% C)
Ya
= ~
\\
Y TZC
3 i N oos% o)
ng \
x AN
4 o
¢ 10,000 '—77‘—\.
) 000 |- TZM g
= N (0013% C)
o |
z -
7)) L
[72}
Wl
m =3
-
[75)
® TZM DATA EXTRAPOLATED % CREEP
O TZC DATA EXTRAPOLATED % CREEP b g
te gE R,
g% 8§ [°
1,000 I |
30 a0 50

T (5 + LOG 1)
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STRESS - RELIEVED PLATE TESTED UNDER ULTRA-
HIGH VACUUM.



TRW eQuIPMENT LABORATORIES

THOMPSON RAMO WOOLDRIDGE INC.

BIBT.IOGRAPHY

1. J. C. Sawyer, and C, H, Philleo, "Generation of Long Time Creep Data
on Refractory Alloys at Elevated Temperatures", Sixth Quarterly
Report CR 54287, NASA Contract NAS 3-25L45, (January 15, 1965).

2. F. F. Schmidt and H. R. Ogden, "The Engineering Properties of Tungsten
Alloys™, DMIC Report 191, (September 27, 1963).

3. Creep Rupture Properties of Stress Relieved TZM Alloy - SNAP 50/SPUR
Program Part 1. Report No. PAT TDR-6L4-116, October 196l.

- 20 -



TRW EQuIPMENT LABORATORIES

THOMPSON RAMO WOOLDRIDGE INC.

APPENDIX I

PROCESSING HISTORY OF SYLVANIA A ATLNY




8sk2

TRW EQUIPMENT LABORATORIES

THOMPSON RAMO WOOLDRIOGE INC.

TABTE I

PRNCESSING NF SYLYVANIA "A" SHEET

Vandor: Svlvania Electric Products Inc.
Chemical and Metallurgical Division
Towanda, Pennsylvania

Processing History:

1. Rolling slabs were made by isostatically
pressing powder

2, Slabs rolled at 15M-1900°C to 0.N32",
Total reduction 90%
3. Intermediate annealing - None
i, Final stress relief - five minutes at 157"°C
5. Sheet trimmed with an abrasive saw and chemically
cleaned.
Hardness: 738 DPH

62 R,
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THOMPSON RAMO WOOLDRIDGE INC.

CREEP TEST DATA, W-?5¢Re SHEET, TESTED AT 3200°%F (1760°C), 1500 PSI (1.03 x 107N./m?)

Tength Change
Time A1 (in) Creep Pressure
(Minutes) (2" G.L.) () (Torr)
5 ,00005 +0025 3.5 x 10-7

10 .00010 .005

15 .00010 .005

20 .00010 +005

30 .00010 «005

L5 .00010 .

60 .00010 .

Specimen S-8

Tength Change

Time Al (in)
(Hours) (2" G.L.)

10.6 .00005

82.7 .00450
106.6 .00700
130.6 .00735
15L.6 01065
178.8 .01170
250,6 01535
274.5 .01730
298.6 01795
392.5 02135
3h6.7 02195
L18.5 .024480
Lh2.9 02700
L66.7 02910
L90.7 .03225
515.0 .03345
586.7 .03870
611.1 Q4010
634.6 L0410
658.7 .04300
682.7 L0L4h90
75447 05065
781.3 .05385
802.6 .05525
826.6 .05700
850.5 .05835

Test in progress

Creep Pressure
(%) (Torr)
L0025 1 x 10"?3
225 2.1 x 107,
»350 2.0 x 10'8
«3675 1.6 x 10™
5325 1.6 x 1073
585 1.4 x 10-8
767 1.0 x 108
.865 9.8 x 10~7
.897 1.0 x 10-8
1.067 9.6 x 10~
1.097 9.4 x 1079
1.24 8.5 x 10~¢
1035 1;5 X 10-8
1.455 8.0 x 1079
1.612 1.0 x 108
1.672 9.6 x 1072
1.935 1.0 x 100
2.005 9.2 x 107
2.07 8.9 x 10-2
2.15 1.2 x 10-8
2,245 7.9 x 10-9
2.532 7.0 x 109
2.692 7.5 x 109
2.762 7.2 x 1077
2.85 7.2 x 1072
2.917 8.3 x 10~
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TABTE II

CREEP TEST DATA, TUNGSTEN SHEET, TESTED AT 3200°F (1760°C), 1000 PSI (6.89 x 106'Nu/m2)

Length Change Length Change

Time Al (in) Creep Pressure Time AL (in) Creep Pressure

(Minutes) (2" GJT.) (%) {Torr) (Hours) (2" G.L.) (%) (Torr)
1 0005 0025 L. x 10-8 16.6 .08 L0900 2.2 x 10’?3
2 .00015 .0075 88.4 L0048 »2l0 1.0 x 10“8
3 00015 .0075 112.4 .00615 307 1.1 x 10°
L 00010 .005 136.3 00750 375 9.2 x 1077
5 .00015 0075 160.3 .00880 Jho 7.8 x 107
6 00020 .010 184 .4 «00960 L8 6.9 x 1077
7 00020 .010 256.3 01115 557 5.6 x 10-2
8 .00020 .010 280.7 01190 .595 1.6 x 10~
9 .00020 .010 304.5 .01215 607 3.9 x 1079
10 .00015 .0075 308.L 01265 632 6.8 x 107
15 .00020 .010 352.7 .01330 665 6.5 x 1077
20 .00010 005 L2h .5 01575 787 7.2 x 1072
25 .00020 .010 L48.9 01725 862 6.1 x 1077
30 .00020 .010 L72.3 01705 852 6.3 x 1077
60 .00020 .010 496.4 .01725 862 9.0 x 10~7
520,k 01740 870 k.6 x 108
292 A 01810 .925 5.0 x lo-g
. 19.1 .01930 .965 3.6 x 107
Srecimen S-9 61,0.3 01950 980 L.9 x 10-8
66l .3 02010 1.005  L.7 x 10-8
688.2 .02040 1.02 L.0 x 10-8

Test in progress

850
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TABTE III

CREZP TEST DATE, STRESS-RETIEVED TZM FARGED DISC, TESTED AT
2000°F (1093°C), 10,000 PSI (6.89 x 107N/m2)

Iength Change Isngth Change
Time AY (in) Creep Pressure Time AL (in) Creep Pressure
(Minutes) (2" G. L.) (%) (Torr) (Hours) (2" G, L.) (%) (Torr)
1 -.00030  -,015 1.6 x 107" 352,3 00105 J0525 1.9 x 1070
2 00015 -.0075 37646 00105 (0525 1,3 x 107
3 -.00015  -,0075 1,00.8 .00110 L0855 2,1 x 1077
L -00015  =,0075 L57.5 00130 (065 1.3 x 1077
5 -+ 00005 -.0025 L7246 00135 0675 1.2 x 1077
6 00010 +005 49740 00140 070 1.2 x 1077
7 00005 0025 520,2 00145 0725 1,2 x 1077
8 +0000 000 Shhe1 «O0LL5 0725 1.2 x 1077
9 .00010 005 568,2 00150 075 1.2 x 1077
10 00005 0025 6110,2 .00155 L0775 1.5 x 1077
15 00005 .0025 66ke3 00170 08 9.2 x 10720
20 00010 005 712.3 00175 0875 7.; x 10710
25 00005 .0025 73643 00170 085 7.6 x 10710
30 +00000 0000 810,2 00175 0875 1.3 x 1077
L5 00010 005 832,2 00185 0925 9,0 x 10710
60 00015 +0075 85641 0018 00 9.2 x 10710
75 00005 0025 880.1 20020 J100 7.5 x 10710
90 +00010 .005 90l40 400205 .1025 7.7 x 10710
(Hours) 982.8 +00210 2105 8.1 x 10710
20,0 =.00005  =,0025 6.7 x 1070 1000.2 00210 J105 7.6 x 10710
0.7 00030 015 1.0x100  100k.2 00210 J105 8,2 x 10710
125.7 .00100 05 1L x107t 104803 00220 110 8,0 x 10710
136.5 00080 O 1.0x1000 107201 00220 J110 1.3 x 107
160.3 +00085 0425 5.7 x107 1Uk.0 00230 A8 6,9 x 10710
18:.L 00085 W25 L x107 1168.3 00235 1175 6.9 x 10710
208,5 00090 L5 b0 x107 1192.2 00240 \120 646 x 10710
232.2 00090 L5 34 x 1077 12164 +00250 2125 6.y x 10710
30kl 00100 W05 2,2 x1077  1240.2 00250 125 5.8 x 10710
328,3 00100 L5 2,0x 107 1336.2 00250 125 5.9 x 10710

Specimen B=3
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TABTS ITII (Cont,)
Iength Change

Time T, (in) Creep Pressure
(Hours) (2" G. T.)  (B) (Torr)
1360.3 L0250 .175 5.8 x 10-1°
1384.3 L0050 .15 5,2 x 10-10
14,08.5 00250 125 L., x 10710
1480.3 00260 .13 L6 x 1010
1552.2 .00270 135 4.6 x 10-10
1648.3 .00320 .16 h.0 x 10710
1696.1, .00320 .16 3.8 x 10-10
1720.6 .00320 .16 Loy x 10-10
Scecimen B-3 1.816.4 .0N320 .16 5.7 x 10-10
186).,2 .00315 .157 3.8 x 10-10
191°.3 .00325 162 4.0 x 10-10
198L.3 00330 165 2.6 x 10-10
2032.2 00335 167 3.6 x 10”10
2080.1 .003L0 .17 3.1 x 10-10

Test in progress
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TARTE IV

CREEP TEST DATA, TZM FARGED DISC, RECRYSTATTIZED AT 28350°F (1566°C), FOR

1 HOUR, TESTED AT 2000°F (1093°C) 10,000 PSI (6.89 x 107 N/m?)

Tength “harge Length Change
Time AL (in) Creep Pressure Time L1 (in) Creep Presaire
(Minutes) 2" G. L. () Torr (Hours) 2" G, T. (%) (Torr)
1 .00030 .015 6.0 x 10-10 16.6 00040 020 6.2 x 1077
2 00045 0225 h0.7 00055 0275 3.1 x 10-3
3 .00040 .020 114.5 . N0095 L0475 5.1 x 107
4 .0N030 .015 136.5 .N0105 L0525 3,0 x 109
S .00025 .0175 160.4 .00120 .080 3.4 x 10-9
3 .0N015 0075 184.4 .00130 065 2. x 1077
7 .00015 .0075 208.3 00140 .070 2.3 x 109
8 .00010 .005 287.5 .00180 .090 2.2 x 10~
9 «00020 010 304.7 .00235 J175 1.8 x 1077
10 .00030 .015 328.7 .00505 2525 1,6 x 1079
11 .00030 .015 336.5 .00l 85 2425
12 .00025 .0125 352.6 .00515 2575 1.6 x 1077
13 .00030 .015 3704 . 00525 2625 2.2 x 1079
1 .0N030 .015 k8.3 00525 2625 1. x 1077
15 .00035 L0175 L72.7 . 0525 2625 1.0 x 1079
20 00045 L0025 196.6 .0N530 265 1.0 x 1079
25 00750 <025 590.8 00535 2675 1.6 x 1077
30 .00055 0275 5Ll.6 .00565 2825 1.2 x 1077
35 .00050 025 616.6 .00560 280 6.2 x 10-10
L0 .00050 .025 640.5 00555 2775 7.2 x 10~10
L5 .00050 025 66l .6 00560 280 7.2 x 10-10
60 00050 .0°5 688.7 .00560 280 7.3 x 1m0
717.8 0565 285 1.3 x 1077
784.6 .N0560 280 5.6 x 10—}0
8n8.7 00555 277 5.5 x 10710
812.6 . 00565 282 5.8 x 10-10
856.6 .00575 287 5.8 x 10-10
880.6 .N0580 290 646 x 10710
952.6 .00l 80 2o L3 x 10-10
977.0 . 00485 2h2 1.4 x 1077
1000,7 .N0L 85 242 4.2 x 10-10
1075.0 .00505 0252 7.2 x 10-10
101943 .00LL0 $270 L6 x 10-10
1120.8 .00l 65 232 3.2 x 10-10
1145.2 0N 85 22 L.3 x 10-10
1148.5 .00505 $252 5.0 x 10~10
1192.7 .N0515 +257 8,0 x 10-10
1216.6 .00515 257 3,0 x 1010
1288.6 .00510 255 1.6 x 10710
1315.5 .00525 262 2,2 x 10-10
1336.5 .NN525 262 1.5 x 10-10
1360.7 .00520 260 1.6 x 1010
1384.5 00525 262 2.1 x 10-10

Test in progress
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CREEP TEST DATA, TZC PIATE, RECRYSTALLIZED AT 3092°F (1700°C) FOR 1 HOUR

TESTED AT 2000°F, 14,000 PSI

Isngth Change Length Change
Time AL (in) Creep Pressure Time AT (in) Creep Presswure
(Minutes) (2" G, L.) (%) (Torr) (Hours) (2" G, T.) (%) (Torr)
1 =s00005  =,0025 5.3 x 10~ 2 00005 L0025 5,3 x 1070
2 -0020  =,01 19 00010 005 2.8 x 1070
3 =s00020 =01 1343 00010 006 2,0 x 1070
b «00020  -.01 117.1 +00005 0025 1.k x 1070
5 -s00015  =,0075 139.1 00005 (0025 9,6 x 10710
6 -e00015  =-,0075 162.9 00010 005 9,1 x 10710
7 -.00010  =,005 187.0 .00010 005 7.7 x 10710
8 -e00010  =,005 210,8 00015 L0075 7.3 x 1077
9 =-.00005 0025 30743 00005 J0025 6,0 x 1077
10 +00005 +0025 331.1 400015 <0075 5.7 x 1077
1 00010 .005 355.1 .00015 L0075 L7 x 107
12 +00005 0025 378,9 00005 L0025 3,2 x 1077
13 +00010 <005 1450.8 00005 0025 Iy x 1077
U . 00005 .0025 47542 .00015 0075 2.y x 1077
15 00005 0025 52343 400010 L005 2,8 x 1077
20 «00005 «0025
25 +00005 #0025 Test discontinued due to low creep rate,
30 .00010 005
35 «00010 «005
Lo 00005 #0025
L5 «00010 «005
60 »00010 .005

Specimen B-5
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CREEP TEST DATA, TZC PIATE, RECRYSTALLIZED AT 3092°F (1700°C) FOR 1 HOUR, TESTED
AT 2000°F (1093°C), 20,000 PST (1.38 x 108 N/m2)

Tength Change

Time AT (in) Creep Pressure
(Hours) (e G, L. ) (%) (Torr)
62.0 .D0015 .0075 2  x 10-9
85.9 .00035 .0175 1.8 x 1077
110.0 00040 .020 2.2 x 109
134.0 .000L5 .022 1.6 x 10-7
158,1 .00050 .025 2.2 x 109
230.0 .00060 .030 2.2 x 10-9
254.0 .00050 .025 2.2 x 10~9

Test discontinued to reload at higher stress
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TABTE VIT

CRZEP TEST DATA, TZC PTATE, RECRYSTATTIZZD AT 3092°F (17017°C) FAR 1 HOUR, TESTED

AT P000°F (1093°C), 22,000 PSI (1.52 x 108 N/m2)

Tength Change

Time AL (in) Creep Pressure
(Hours) o" G, T, (%) (Torr)
19.0 .00N05 00°5 2.1 x 1077
2.0 .000°0 .N10 2.2 x 1077
5741, 00035 D17 2.2 x 107
139.0 D05 L0225 1.6 x 1077
1634 D05 L0P25  1.7 x 1077
187.1 . 00005 L°25 1.9 x 1072
"11.h .700L0 20 2.2 x 1072
307.2 00045 L0225 2.0 x 1079
31,5 .000L0 20 1.8 x 1077
35L.9 .20040 020 1.8 x 10
379.1 00025 0125 1.6 x 1077
U750, ON0L5 L0225 1L x 1077
SLT7.1 00035 175 1.3 x 107
570.9 00050 05 1. x 107

Test discontinued tn use unit for annther test
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TASTE VIII

CREEP TEST DATA, TZC PIATE, RECRYSTATTIZED AT 3092°F (1700°C) FOR 1 HAUR, TESTED
AT 2000°F (1093°C), 20,000 PSI (1.38 x 108 N/m2)

Tength Change Length Change

Time AT, (in) Creep Pressure Time AT (in) Creep Pressure

(Minutes) (2" G.T.) (%) (Torr) (Hours) (2" G. T. (%) (Torr)
1 -0 0 1.2 x 10-9 17.2 L0000 .020 2,6 x 1079
2 =.00020 -.018 L1.3 L0060 .030 7,2 x 10-?
3 =.00040 -0 65.2 .00080 L0 2.2 x 1079
I -.00030 -.015 89,2 00110 .055  2,0x 107
5 -.00030 -.015 161.3 .001.05 L0525 1,3 x 1079
10 -.00005 -.0M25 185.7 .00125 L0625 1.7 x 10-9
20 +.00005 +,0025 209.1 .00120 060 1.7 x 1077
25 +,07010 +.005 233.2 .00120 L060 1.7 x 1079
30 .00710 +,005 257,3 .00125 L0625 1,3 x 1079
60 00005 +,0025 329.2 .00135 065 2,0 x 1077
353.9 .0011))1 O70 3.2 x 10';
. 377.0 .00 070 3.4 x 10~
Specimen B-9 Lo1.1 001k 070 2.y x 1079
425.0 .00145 L0725 1.5 x 1072

Test in progress
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TABTE IX

CREEP TEST DATA, TZC PTATE, RECRYSTATTIZED AT 3092°F (1700°C) FNR 1 HOUR, TESTED
AT 2200°F (1204°C), 18,000 PSI (1.2k x 108 N/m?)

Iength Change length Change
Time T, (in) Creep Pressure Time T, (in) Creep  Pressure
(Minutes) (2" G.T.) (%) (Torr) (Hours ) (2" G. L.) (2) (Torr)
1 -.00005 .05 3 x 1079 6l:.3 .00110 .55 4.1 x 1077
2 0 0 88.L 00120 060 3.2 x 1077
3 0 0 112.5 0140 070 2,7 x 1077
N 0 0 1364k 00165 .082 3. x 10°7
5 0 0 160.4 00215 .107 2.0 x 1077
10 00005 L0025 939.5 00255 27 2.7 x 1070
20 .00010 L0085 256.9 00270 2135 1.8 x 1077
20 .000N5 .0025 280,04 .00280 .10 1.8 x 109
Lo 00010 005 30L.3 00310 155 9.6 x 10™10
60 00005 0025 378.5 .00325 162 2,0 x 1079
100k .00365 .182 1.7 x 10°9
tﬁ'g.l .00290 .122 5.5 x 10‘50
. 2 .00510 W2 1.8 x 10~
Specimen B-8 L72.3 ~00580 290 1.6 x 1079
196.3 00610 305 1. x 10=9

Test in progress
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MYEX

CREEP TEST DATA, STRESS-RETIEVED AS-30 PTATE, TESTED AT 2000°F (1093°C)
11,000 PSI (7.58 x 107N /m?)

Iength Change Tength Change
Time AL (in) Creep Pressure Time. AT, (in) Creep Pressure
(Minutes) (2" G.T.) (%) (Torr) (Hours) (2" G.L.) (%) (Torr)
1 - - ) .00020 .010
2 .00020 010 1.6 x 10-7 2.5 .00040 020 1l.lx 10-5
3 .00020 .010 15.9 .00165 .0825 1,0 x 107
I 00000 0 39.8 .0017 ,085 7.8 x 109
5 .H0005 .0025 63.7 .00210 105 5.6 x 1077
6 00000 0 87.1 .00235 J1175 5.5 x 1077
7 .00005 0025 159.) .00315 L1575 3.8 x 10-9
8 00005 .0025 183.7 004,00 200
9 00005 0025 207.6 00400 200 2.4 x 1077
10 .00005 .0025 231.9 200410 .205 2.6 x 102
1 00005 .0025 25547 00430 215 2.1 x 107
19 - - 327-7 000560 .2&) 1.6 X 10-9
13 .00005 .0025 351.6 ,00575 287 1.6 x 10~
o - - 37546 00605 302 1.6 x 1079
15 .00005 .0025 399.7 00655 327 1.2 x 107
20 .00005 0025 423.8 .00685 2342 1.7 x 1079
30 .00005 .0025 495.7 .00795 397 5.2 x 10-9
45 .00010 .005 519.6 .00810 JLios 5.8 x 107
60 00020 .010 5L3.6 .00985 92 6Ji x 1079
567.7 .01020 510 7.4 x 1077
591.7 .01070 535 6.5 x 1070
663.6 .01195 597 2.0 x 10-7
688.0 .01235 b1 3. x 1079
711.8 .01260 630 2,5 x 107
736.1 01285 b2 3.3 x 107
760.3 .013L0 670 8,6 x 1077
856.2 01499 L5 1.0 x 1078
879.6 01510 755 1.0 x 1078
903.¥ 01530 765 3.7 x 1077
Specimen B-6 92747 .01600 .800 8.5 x 107
999,7 .01585 842 7.2 x 10-9
1026.5 .01715 .857 2.1 x 1079
1047.6 .01780 890 7.9 x 1077
1071.8 .01795 897 6.0 x 1077
1095.5 .01850 .925 2.8 x 1070
1167.7 .02020 1.01 8.6 x 10-7
1191.9 .02035 1.017 5.5 x 1077

Test terminated after reaching 1% creep
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TABTE XI
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CREEP TEST DATA, STRESS-RETIEVED AS-30 PLATE, TESTED AT 2200°F (120L°C)
8000 PSI (5.51 x 107 N/m?)

Creep Pressure
(€3] (Torr)

Length Change
Time AL (in)
(Minutes) (2" G. L.)

1 «00025

2 -

3 -

i »00015

5 «00025

6 -

7 «00025

8 +000440

9 »00035
10 .00035
11 «00040
12 .OOQJ,S
13 «00045
1, «00045
15 #0005
20 .00045
30 »00040
us .00040
60 «00045

Specimen Be7

0125 647 x 1070

«0075
0125

.0125
<020

+0175
0175
«020

«0225
+0225
«0225
«0225
«0225

«020
0225

length Change
Time AL (in) Creep Pressure
(Hours) __ (2" Go L) _(%) (Torr)
2.2 00060 030 6.7 x 1070
13.7 J00195 0975 1.k x 107
1640 00455 42275 2.7 x 1070
61.8 «006440 320 15 x 1078
8.6 00785 3925 1.2 x 1070
157.7 OW0S 7025 L.l x 1077
181.6 01620 .81 L2 x 1077
205.6 L0180 920 343 x 1077
229.7 02050 1.025 3.2 x 1070

Test discontinued after reaching 1% creep,



